In the given paper, the dispersion properties of surface electromagnetic waves at a plane interface between a homogeneous medium (vacuum) and a layered periodical structure, consisting of alternating layers of ferrite and a semiconductor, placed in an external magnetic field are studied. This structure is considered in the subwavelength approximation. To describe the dielectric and magnetic properties of the material under consideration, the effective medium theory has been applied. The material parameters have been described by means of effective components of the permittivity and permeability. It was found that in a certain range of frequencies and magnitudes of external magnetic fields, in such a structure the existence of surface electromagnetic waves occur, both TM and TE polarized. Due to the peculiarities of the structure under consideration it is possible to effectively control the parameters of surface waves.
INTRODUCTION
Currently, a great interest of researchers are attracted to study the properties of surface electromagnetic waves (SEW) in the structures, that have artificially created anisotropy, in particular in metamaterials [1] [2] [3] [4] . Properties of surface waves are largely determined by the material parameters and the state of the adjacent media, so the corresponding solutions of wave equations are widely used to study the optical properties of different materials [5] [6] [7] [8] . By changing the design parameters of metamaterials (geometrical and physical, such as layers thicknesses, the materials forming the structure, the concentration of charge carriers in the case of materials containing free electrons, such as metals and semiconductors, etc.) one can effectively modify the dispersion characteristics of the supported waves [6] .
The interest to the study of surface waves properties in metamaterials is associated with a wide range of possible practical applications of these materials in modern optoelectronic devices. The importance of these problems is due to the ability to create on the basis of plasmonic structures of novel optical devices and sensors, which have high sensitivity and compact sizes [6, 9] .
Surface waves, i.e. waves localized near the interface, in the crystals are of two types. The first type includes dispersed surface waves at the interface with different signs of the dielectric (or magnetic) constants and frequency dispersion, called in the literature the surface polaritons (SP) (in the case of conductor surface electron plasma vibrations called surface plasmon polaritons). This is due to the imaginary transverse wave vector component. This type of surface waves occurs near the resonant frequencies [10] [11] [12] . The second type is the waves arising due to the optical anisotropy of the border materials for positive values of the dielectric (or magnetic) constants and relatively low frequency dispersion. These SEW called singular [13] [14] [15] [16] [17] [18] .
There are a lot of publications devoted to the study of unusual properties of surface waves in metamaterials. For example, in [6] , the excitation of a well localized oblique surface waves on a dielectric surface with a one-dimensional array of perfectly conducting wires by the method of frustrated total internal reflection was theoretically studied. It has been found, that during the excitation of oblique waves the incident TMwave is partially polarized in the TE-wave. In [19] the features of surface plasmon-polaritons propagation at the interface of the dielectric and nanocomposite material with the metal inclusions of spherical shape were investigated.
The surface electromagnetic waves in the terahertz frequency range are of particular interest [20] [21] [22] . Terahertz range, which can be related to frequencies from one to ten THz, is studied very little for years due to lack of sources and radiation detectors. The emergence of new sources of broadband terahertz radiation is intensified the researches of this spectral region [22] . In [23] the dispersion equation, structure of the polarization, and the energy characteristics of surface polaritons, which occur at the interface of an isotropic dielectric with an anisotropic superconductor were studied. The surface plasmon-polaritons in THz region of the spectrum in the case, when the period of the irregularities on the metal surface are of order of wavelength were investigated in [24] .
In [25, 26] the possibility of surface waves existence at the boundary of the metamaterial with ε <0 and μ <0, and an isotropic medium was considered. It was found that, depending on the physical parameters of the materials at such boundaries only one surface mode with s-or a p-polarization can be excited [25, 26] . A number of works are devoted to the study of the surface wave's propagation in the photonic crystals, which is primarily due to the prospect of their application in quantum optics and optoelectronics [27] [28] [29] [30] .
In our previous studies [31] [32] , surface electromagnetic waves at the interface between a homogeneous medium (vacuum) and the periodic fine-stratified structure, which consist from semiconductor and dielectric layers placed in an external magnetic field, have been studied. It has been shown, that in the certain 04041-2 frequency bands and external magnetic fields, in such a structure, surface polaritons localized near the interface can exist. In [33] the properties of surface waves at the interface of a finite layered periodic structure (dielectric-semiconductor) placed in a vacuum were investigated, including the corresponding study in terms of the effective medium.
In the present study, surface electromagnetic waves (surface polaritons), which occur at the plane interface between the vacuum and biaxial metamaterial, that consist from semiconductor and ferrite layers, placed in an external magnetic field, applied parallel to the boundaries of the layers, is considered. The interest to the study of such problems is due to the fact, that the considerable practical interest represents the control of light at the nanoscale, which is a promising use of surface polaritons due to their high localization, and, as a consequence, high intensity, leading to the strengthening of a number of optical, including nonlinear effects.
FERRITE\SEMICONDUCTOR METAMATERI-AL IN AN EXTERNAL MAGNETIC FIELD
Let us consider a magnetoactive layered periodic structure, which consist from alternate ferrite (with thickness d1) and semiconductor (with thickness d2) layers. The structure is placed in an external magnetic field Н0 parallel to the boundaries of the layers (along y axis). The z axis runs perpendicularly to the boundaries of the layers (periodicity axis). The wave vectors lie in the xz plane. In this case, we can put 0, y    omitting the dependence on the coordinate y in the equations [34] . Assume that the thickness of the structure is L (L = Nd, where N is the number of periods, and
is the period of the structure (Fig. 1) . For the chosen geometry of the structure, the Maxwell's equations can be separated into the equations for two modes with different polarizations, namely, TEpolarization with components ,, 
In the previous equations ε0 is the part of the permittivity attributed to the lattice, In the ferrite layer
is the ferrite permeability, where
are the components of the ferrite permeability tensor; 2 M egM mc
; g is the factor of spectroscopic splitting, M is the saturation magnetization, r  is the relaxation frequency, m is electron free mass.
It should be noted that, we applied the "resonant model" of the "saturated" ferrite to calculate the ferrite constitutive parameters, in the case, when the static magnetic field 0 H is more strong then the field of the saturation magnetization 4 M  . When static magnetic field is quite small, the "nonresonant" model of "non-saturated" ferrite should be applied. In this case the current magnetization M is a function of the static magnetic field [11] . Now, the Bloch wave numbers 
Thus, the considered periodic structure represents the biaxial bigyrotropic metamaterial [35] .
SURFACE ELECTROMAGNETIC WAVES AT THE PLANE INTERFACE VACUUM-METAMATERIAL

Analytical Investigation
In this section we consider surface polaritons (existence conditions), localized at the interface between semi-infinite biaxial metamaterial (z > 0), which is characterized by the effective permittivity and permeability (1)- (2), and a homogeneous half-space (vacuum, z  0) with . In contrast to the general case of two semi-infinite media contact, when the damped on both sides of the interface solutions exist for only TM waves, in our case the interface vacuum-metamaterial supports both TE and TM surface The Maxwell's equations for the metamaterial under consideration, have general form rot , rot .
Let us consider E-waves (TM) first. Let us write the solution for the electric field vector E in the following form vv 0v exp(
Substituting the solution (5), (6) in the Maxwell equations (4), we can obtain the equations for the electric-field components Ex and Ez. For z  0, i.e. in a vacuum
In the metamaterial (z  0) we have
Then, due to the condition of continuity of the normal component of the electric displacement at the interface 
Equation (11), in fact, defines the cy ()
Using equations (7) and (8) 
where
type surface polaritons refractive index. Equation (12) is the dispersion relation for the surface polaritons at the interface of the homogeneous half-space and the metamaterial for TM polarized waves. From (11) it also follows that the surface polaritons exist only in the region where the component xx  of the metamaterial permittivity tensor is negative, i.e. Thus, the condition of surface waves existence for both polarizations depends essentially on the properties of the components of the effective permittivity and permeability tensors of the metamaterial. And, as the components of the tensors are functions of frequency, external magnetic field, thickness of layers, and physical properties of materials, that form the structure, the existence regions of surface waves are determined by the choice of values of the corresponding quantities.
In addition, it should be noted, that in this magnetic metamaterial the gyrotropy associated with the permeability characteristic tensor of the magnetic layers (ferrite layers), and electric gyrotropy is associated with the permittivity characteristic tensor of the semiconductor layers. The presence of this type of gyrotropy in the periodic structure makes it possible to effectively control with the help of an external magnetic field the band spectrum of eigenwaves of different polarizations in non-overlapping frequency bands (in the microwave range by means of magnetic gyrotropy, and in the infrared range by means of electrical gyrotropy ) [36] .
Note, that the magnetic field affects the properties of the TM waves only in the semiconductor layer, and the properties of the TE waves in a layer of ferrite.
Numerical Calculations
In the further numerical calculations, we used the same ferrite and semiconductor parameters as in the existing theoretical and experimental papers, such as [11, [35] [36] . The ferrite layer (brand 1SCH4, polycrystalline nickel ferrite NiOFe2O3) has the following parameters 11.1 Let us analyze the dependence of the metamaterial effective permittivity and permeability components as a function of frequency at Н0  5000 Ое (Fig. 2) , and the external magnetic field at   1·10 11 s -1 (when we consider the permeability components and the yy  permittivity component, which are determine the properties of TE-polarized waves), and   4·10 12 s -1 (when we consider the xx  and zz  permittivity components, which are characteristic of the TM-polarized waves) (Fig. 3) . Some analytical analysis of the corresponding dependencies can be found in [31, [35] [36] . Here we consider the characteristic points and features that are relevant for this discussion.Let us analytically consider the effective permittivity and permeability metamaterial components, which are determine the properties of TE-waves ( ,,  and zz  are simultaneously become zero (Fig. 2) ; at the ferromagnetic resonance fre- for the TE- (Fig. 4a, b ) and TM- (Fig. 4c, d ) polarizations, calculated from the equations (12) and (16), in the areas in which surface polaritons exist. It should be noted, that under the selected materials parameters there are one surface polaritons dispersion curve for the TE-polarized waves, whereas two surface polaritons dispersion curves for TMpolarized waves, located above and below the plasma frequency (Fig. 4) . The dispersion curves of the TMpolarized wave (E-wave) tend to the light line ( (Fig. 4c, d ). On the other hand, the dispersion curves are restricted by the frequencies Let us consider the properties of surface polaritons in the considered metamaterial, namely the surface polaritons phase velocity, and the penetration depth into the structure.
The surface polaritons phase velocity for both polarizations can be determined in the following way:
Surface polaritons penetration depth (i.e. the distance at which the surface wave's field amplitude decreases e times with removing from the interface) can be found as follows:
in vacuum:
in metamaterial:
The corresponding dependencies of the surface polaritons phase velocity and the penetration depth versus frequency and external magnetic field are shown in Fig. 5 and Fig.6 , respectively. Thus, the surface polaritons phase velocity for TM polarization tends to the speed of light, while the penetration depth is reduced at low frequencies, near to the frequency (Fig. 5 c, d ; Fig. 6c, d ). In general, the penetration depth for TM-polarized surface polaritons into the metamaterial in the entire region of surface polaritons existence is in the range 1-3000 microns (i.e. up to several structure periods). At the same time, at the other boundary of surface polaritons existence, that is near the frequency In general, the penetration depth for TE polarized surface polaritons also reaches several structure periods. It should be noted, that the increase in surface waves penetration depth and retardation of the phase velocity is limited in the real structures by dissipative processes in the semiconductor and ferrite layers, which we have not taken into account at this stage. However, these effects are of great practical interest, since they may be useful in the development of various optoelectronic devices, in particular, of delay networks [8] . Note, that in this case, the areas of surface waves existence in the system are associated with the real parts of the effective permittivity and permeability components, in particular, the necessary condition for surface waves existence is negativity of real part of Note, that at the selected parameters in the considered frequency range, the y-component of permittivity is much less than zero ( Re 0 yy   ). As can be seen, when the dissipations are taken into account, it results in smoothing of the corresponding dependencies, absence of resonance, and, as a result, the displacement of the surface waves existence regions as TM and TE polarized, as well as a change in the surface waves field amplitude. In addition, the presence of losses in the structure leads to the restriction of the surface waves mean free path and penetration depth. However, the specific of the structure under consideration allows to effectively control the parameters of surface waves in a wide. 
CONCLUSIONS
In the present paper, surface polaritons, which are located at the interface of a homogeneous half-space and biaxial anisotropic metamaterial in a magnetic field were studied. It has been shown, that surface polaritons can exist in a certain frequency range and magnitudes of the external magnetic field. Due to the peculiarities of the structure under consideration, where the effective components of the permittivity and permeability tensors are functions of frequency, external magnetic field, thicknesses of layers, and period of the structure, it is possible to effectively control the properties and areas of surface waves existence (in particular, to increase the surface waves penetration depth or to slowdown the phase velocity, etc.). It was found that there are two dispersion curves of surface TM polarized polaritons and one dispersion curve of TE polarized polaritons. Areas of surface polaritons existence can be referred to areas of strong and weak anisotropy. It should be noted, that in a certain frequency bands and magnetic fields, the effective components of permittivity and permeability tensor become negative. This leads to a number of unusual and interesting from the standpoint of practical application features.
When the dissipative processes in the ferrite and in semiconductor are taking into account this leads to a smoothing of the corresponding dependencies, absence of resonances, and, as a result, to the displacement of the surface polaritons existence regions, to the change in the field amplitude. In addition, the presence of losses leads to restriction of the surface polaritons mean free path.
The results obtained in the paper are of practical interest for use in various optoelectronics devices, in the study of the surface properties, in the analysis of periodic structures, etc. On the basis of the considered plasmonic structures, metamaterials, the design and creation of new optical devices and sensors with high sensitivity and compact size is possible.
